An evening state of spinal hyperexcitability has been proposed to be a possible cause of evening increases in restless legs syndrome symptoms. Thus, the objective of the current study was to assess the circadian variation in spinal excitability in patients with restless legs syndrome based on flexor withdrawal reflex and crossed extensor reflex responses. The reflexes were elicited on 12 participants with restless legs syndrome and 12 healthy control participants in the evening (PM) and the morning (AM). Reflex response magnitudes were measured electromyographically and kinematically. Both the reflexes showed a circadian rhythm in participants with restless legs syndrome but not in control participants. Changes in ankle (median flexor withdrawal reflex PM: 16.0°versus AM: 2.8°, P = 0.042; crossed extensor reflex PM: 0.8°versus AM: 0.2°, P = 0.001) angle were significantly larger, and ankle angular velocity (median flexor withdrawal reflex PM: 38.8°s À1 versus AM: 13.9°s À1 , P = 0.049; crossed extensor reflex PM: 2.4°s À1 versus AM: 0.5°s À1 , P = 0.002) was significantly faster in the evening compared with the morning in participants with restless legs syndrome, for both reflexes. For participants with restless legs syndrome, evening change in hallux angle was significantly larger than morning responses (median PM: 5.0°v ersus AM: 1.3°, P = 0.012). No significant differences for any of the electromyographic or kinematic variables were observed between participants with restless legs syndrome and controls. The flexor withdrawal reflex and the crossed extensor reflex show a circadian rhythm in participants with restless legs syndrome suggesting an evening increase in spinal excitability. We hypothesize the circadian variation in spinal excitability may be due to a possible nocturnal form of afferent circuitry central sensitization in the dorsal horn of the spinal cord in patients with restless legs syndrome.
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IN TROD UCTI ON
A circadian fluctuation is evident in restless legs syndrome (RLS) with the pronounced appearance of RLS symptoms in the evening Trenkwalder et al., 1999; Walters, 1995) . The sensorimotor nature of symptoms in patients with RLS implicates the spinal cord as a central site for dysfunction due to the spinal cord being the location of incoming sensory information and outgoing motor signals (Paulus and Schomburg, 2006) . RLS symptoms could therefore be due to hyperexcitability at the level of the spinal cord (Kerr et al., 2011) . The responses to stimuli, such as those used to elicit a reflex response, are influenced by changes in the state of spinal excitability. Previous research suggests a state of spinal hyperexcitability in patients with RLS based on increased excitability of the flexor withdrawal reflex (FWR; Bara-Jimenez et al., 2000) . The diurnal variation in symptoms, in turn, may be explained by a circadian variation in hyperexcitability of neurones within the spinal cord.
The theory of RLS spinal hyperexcitability in the evening is not fully supported by the evidence of current reflex-derived findings, and knowledge gained from further study of other reflexes may provide enhanced theories of RLS pathology. The FWR, which is used to investigate the functional status of nociceptive spinal pathways (Sandrini et al., 2005) , is of particular interest due to the hyperalgesia shown in patients with RLS (Cho et al., 2017; Stiasny-Kolster et al., 2004 , 2013 . In previous studies of the FWR in patients with RLS (Bara-Jimenez et al., 2000; Gunduz et al., 2017) , the corresponding contralateral crossed extensor reflex has not been assessed. As the crossed extensor reflex is elicited simultaneously with the FWR, assessing both reflex responses may aid in understanding more about potential variations in spinal circuitry that may be associated with RLS.
Most research on reflexes in patients with RLS has been carried out during the asymptomatic (daytime) phase of the disorder. In order to account for the known circadian rhythm of RLS and to include the understudied crossed extensor reflex, the current study assessed the FWR and the crossed extensor reflex during the symptomatic phase (evening) as well as the asymptomatic phase (morning) of the disorder. We hypothesized that both the FWR and the crossed extensor reflex would be increased in the evening compared with the morning in participants with RLS, thus exhibiting spinal hyperexcitability in the evening.
MATERI ALS AND METHODS
Ethical clearance for this study was obtained from the Human Research Ethics Committee of the associated tertiary institution (M140322). All participants signed a written informed consent sheet prior to participating in the study. Twelve participants with RLS were recruited through local advertisements and completed a comprehensive screening questionnaire that included the essential diagnostic criteria for RLS as well as questions to rule out mimics. The principle investigator (CD) administrated the questionnaire to all participants to ensure that all participants understood the questions. In order to be included in the study, all participants experienced uncomfortable sensations in their legs that caused urges to move the legs. The sensations must worsen in the evening and with inactivity, and are partially or totally relieved by movement. The sensations could also not solely be accounted for as symptoms primary to another condition, and thus all participants met the updated International Restless Legs Syndrome Study Group (IRLSSG) diagnostic criteria (Allen et al., 2014) . Participants with RLS completed the IRLSSG severity scale (Walters et al., 2003) . The recruited participants also participated in a study investigating the plantar reflex (Dafkin et al., 2017) . Twelve healthy age-and gender-matched control participants were also recruited through local advertisements. All control participants had no sleep or neurological disorders, and answered no to the essential diagnostic criteria of RLS. Blood samples were analysed from all participants with RLS to assess serum ferritin levels.
Reflex evaluation
Reflex testing was performed in the evening (between 20:00 hours and 22:00 hours) and in the morning (between 06:30 hours and 08:00 hours) applying the same procedure. The FWR was elicited on the right leg of all participants, resulting in a withdrawal response of the right leg and a crossed extensor reflex response of the left leg. Participants lay supine on a plinth, and the FWR was elicited through two electrodes placed on the sole of the right foot using a constant current stimulator (Stimsola linear isolated stimulator, Biopac, California, USA) with a train of four individual 3-ms square wave pulses at 100 Hz. The current amplitude was adjusted for each participant starting from 1 mA and increased in 1-mA intervals until the participant felt the stimulus. The stimulus intensity first felt by the participant was recorded as the participant's detection threshold and the reflex was elicited at 3 9 the detection threshold (adapted from Bara-Jimenez et al., 2000) . The detection threshold was obtained immediately before FWR stimulation.
Both the FWR of the right leg and the corresponding crossed extensor reflex of the left leg were recorded kinematically and electromyographically. Kinematic data were recorded using 18 Optitrack (Natural Point, OR, USA) high-speed cameras that record at 100 Hz. These cameras record the movements of retro-reflective markers that were positioned on both legs and feet at specific anatomical landmarks. The anatomical landmarks on the legs were: the iliac crest; the anterior superior iliac spine; the greater trochanter (hip); the medial and lateral epicondyles of the femur (knee); and on the lateral and medial malleoli (ankle). Markers were also placed midway between the ankle and knee markers, and midway between the knee and hip markers. The anatomical landmarks on the plantar surface of the feet were: the heel; the apex of the arch; the tuberosity of the fifth metatarsal; the head of the proximal phalanges as well as on the head of the distal phalanges of the first (hallux), third and fifth digits. Muscle activity was simultaneously recorded using Trigno Wireless electromyographic (EMG) sensors (Delysys, Natick, MA, USA) connected to a PowerLab (ADI Instruments, 26T, Sydney, Australia). Muscle activity for the FWR was recorded in the following muscles of the right leg: tibialis anterior; lateral gastrocnemius; rectus femoris; and biceps femoris. For the crossed extensor reflex, muscle activity was recorded from the extensor muscles of the left leg, tibialis anterior and rectus femoris. One wireless EMG sensor was placed on the body of each muscle according to the SENIAM guidelines.
Data analysis
Kinematic data were analysed with AMASS (AMASS, CMotion Germantown, MD, USA) and Matlab7 (Mathworks, Natick, MA, USA). Leg joint (knee and ankle) and hallux angles were calculated as per previously published conventions (Dafkin et al., 2014; Kadaba et al., 1990) . The variables ª 2017 European Sleep Research Society calculated from these data, for the FWR, were change in angle (degrees) measured from the initial position to the maximum angle of knee flexion, ankle dorsiflexion and hallux plantar flexion. For the crossed extensor reflex, the variables calculated were change in angle (degrees) measured from the initial position to the maximum angle of knee extension and ankle dorsiflexion [anatomical extension of the foot (Kendall et al., 2005) ]. The angular velocity (calculated from the change in angle divided by the time taken to reach the maximum angle) of the knee and ankle, for both reflexes, and the hallux for the FWR (°s À1 ) was calculated. The maximum amplitudes (mV) and latencies (ms) of all muscles were calculated from the EMG data in LabChart7 (ADI Instruments, 26T, Sydney, Australia). Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).The distribution of the data was assessed using a D'Agostino and Pearson omnibus normality test. All the data, with the exception of the characteristics of the participants, were non-parametric, and as such are expressed as median and interquartile range. The participant characteristics are presented as mean AE standard deviation. The kinematic variables, EMG variables and detection thresholds were compared with Wilcoxon signed-rank tests between the evening (PM) and morning (AM) reflexes. Mann-Whitney U-tests were used to compare kinematic variables, EMG variables and detection thresholds between participants with RLS and controls at each time point.
RESUL TS
The characteristics of the participants with RLS and the control participants are described in Table 1 . One participant stopped Pramipexole (dopamine agonist) treatment 1 week prior to reflex testing. All other participants were treatmentna€ ıve. Seven of the participants with RLS described their uncomfortable sensations in their legs as painful.
There were no differences in detection thresholds between PM and AM for both participants with RLS (median: PM 2.5 mA, AM 2.0 mA; P = 0.59) and control participants (median: PM 2.0 mA, AM 2.0 mA; P = 0.35), or between participants with RLS and control participants (PM, P = 0.41; AM, P = 0.35). Changes in both ankle and hallux angles were significantly larger in the evening compared with the morning in participants with RLS, but not in control participants, for the FWR (Fig. 1) . Of the participants with RLS, 73 and 75% showed greater evening changes in ankle and hallux angles, respectively, during the FWR. The evening change in ankle angle was significantly larger compared with the morning for the crossed extensor reflex in participants with RLS (Fig. 2) . Larger evening changes in ankle angles during the crossed extensor reflex were seen in 82% of participants with RLS.
No significant differences were found for change in knee flexion angle for the FWR or for change in knee extension angle for the crossed extensor reflex between the evening and morning reflexes. Angular velocities, EMG maximum amplitudes, and latencies of the FWR and crossed extensor reflex are shown in Tables 2 and 3, respectively. Only the ankle angular velocity of participants with RLS was significantly faster between the evening and the morning for the FWR (Table 2 ) and the crossed extensor reflex (Table 3) . No significant differences were shown for EMG measurements for either the FWR (Table 2) or the crossed extensor reflex (Table 3) between the evening and morning. No significant differences for any of the assessed variables were observed between participants with RLS and controls, either in the evening or the morning. The difference in n-values seen in Tables 2 and 3 is due to instances where markers were not visible or EMG sensors detached from the participant, and thus not all participants' biomechanical or EMG data were analysed for both reflexes.
DISCUSSION
The major findings of this study demonstrate a circadian variation of both the FWR and the crossed extensor reflex in participants with RLS. The degree of movements of the ankle and the angular velocity of the ankle (showing the speed of the reflex) were increased for both reflexes in participants with RLS in the evening compared with the morning. The same circadian fluctuation of reflex responses was not evident in the control participants. The results therefore agree with the hypothesis, showing a circadian variation of excitability of spinal cord reflexes in RLS with an increase in excitability during the symptomatic period (the evening). There were no significant differences in detection thresholds, and therefore stimulation intensities, between the evening and morning reflex testing.
Despite demonstrating an increase in the degree of movement of the limbs during the reflexes, there was no corresponding significant increase in EMG amplitude. The difference in results between the physical movement and the EMG activity could be due to kinematics being a more sensitive measure and thus detecting more subtle variations. Another explanation for this difference could be the increase in the number of muscles involved in the reflex response at night (Bara-Jimenez et al., 2000) . An increase in the number of muscles involved in the response would explain the increased degree of movement seen at night, but would not necessarily increase the amplitude in one specific muscle. To our knowledge, the crossed extensor reflex in patients with RLS has not been assessed previously. The results of this study indicate that with primary RLS there is a circadian variation of the crossed extensor reflex, with increased crossed extensor reflex responses in the evening compared with the morning. This shows a possible increase in spinal excitability in the evening in RLS. Due to the relationship between the crossed extensor reflex and the FWR, both reflexes are elicited by the same stimulus, comparing the responses of both reflexes provides a greater representation of what is occurring in the spinal cord in patients with RLS. The spinal excitability circadian variation within this group of patients with RLS was previously demonstrated testing the plantar reflex (Dafkin et al., 2017) . The FWR and plantar reflex aid in assessing lumbar spinal circuits. However, the method of eliciting the reflexes differs significantly. The FWR is elicited by painful stimulus to cause withdrawal of the limb, whilst the plantar reflex is elicited by mechanical stimulation (scratching stimulus). Hence, the FWR and plantar reflex allow for the assessment of different receptors and afferent neurons. By assessing variances between different lower limb reflex responses, it allows for further elucidation of the underlying pathophysiological mechanisms associated with RLS.
Previous studies looking at the FWR in patients with RLS have shown increased excitability of the reflex by describing decreased reflex stimulus thresholds (with no difference in detection thresholds), increased spatial spread but with no apparent differences in EMG latencies (Bara-Jimenez et al., 2000) , decreased tibialis anterior EMG latency, increased duration of tibialis anterior muscle activity but no difference in tibialis anterior EMG amplitude (Gunduz et al., 2017) of the FWR in participants with RLS compared with healthy controls. The current study showed no significant difference in tibialis anterior EMG latency or amplitude between RLS and control participants, or between the two different times of day. A possible explanation for the lack of significant EMG findings in the current study is the large inter-individual variation in reflex responses. However, the current study also examined the degree of physical movement in addition to the EMG measures of leg muscle activity during the FWR and the circadian changes of these responses. The degree of movement of the reflexes was greater in the evening compared with the morning for the participants with RLS (Figs 1 and 2) , indicating a circadian variation of the spinal excitability in participants with RLS. In contrast, previous studies of awake FWR responses were recorded at a single time only, between 21:00 hours and 24:00 hours (Bara- Median and inter-quartile range of change in ankle during the crossed extensor reflex in the evening (PM) and morning (AM) for participants with restless leg syndrome (RLS) (n = 11) and control participants (n = 11). *P < 0.05 RLS PM versus RLS AM; Wilcoxon signed-rank test.
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Although a circadian variation of the FWR in patients with RLS has not previously been assessed, a circadian variation in pain sensitivity has been shown in patients with RLS (Cho et al., 2017) . Cho et al. (2017) showed that patients with RLS had a lower current perception threshold in A-delta and Cfibres (an increase in pain sensitivity) in the evening compared with the morning. A possible reason that the current study did not show a difference in perception threshold could be due to the differing frequencies and location of stimulus used by Cho et al. (2017) in comparison to the current study. An increase in pain sensitivity could be a sign of central sensitization, which would result in hyperexcitability of nociceptive spinal reflexes (Woolf, 1983) . The FWR is a nociceptive reflex involving activation of flexor reflex afferents (A-delta and C-pain fibres) leading to the resultant contraction of limb flexor muscles (Binder et al., 2009) . As the FWR is nociceptive, pain sensitivity could play a role in changes to the reflex response. Several other studies have assessed pain sensitivity in patients with RLS, with an overall finding of an increase in pain sensitivity in patients with RLS at various times of the day compared with healthy controls (Bachmann et al., 2010; Edwards et al., 2011; Stiasny-Kolster et al., 2004 , 2013 .
The FWR and the crossed extensor reflex share afferent circuitry; they are elicited by activation of the same afferents. The current study has shown that these reflexes exhibit similar increased excitability in the evening (increased amplitude of foot movements as well as the increased speed of the reflex). A possible explanation for the circadian variation of spinal excitability is a circadian dysfunction in the afferent circuitry involved in the FWR and the crossed extensor reflex in patients with RLS. This dysfunction could be due to increased excitatory neurotransmitters (glutamate or substance P) being released from the afferent neuron, an increase in the number of receptors or an increase in sensitivity of receptors [N-methyl-D-aspartate (NMDA), alphaamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), neurokinin 1 (NK-1)] on the postsynaptic membrane, decreased descending inhibition in the dorsal horn, or a combination of the aforementioned mechanisms.
The loss of descending dopaminergic spinal inhibition (in the dorsal columns) from A11 neurons is a prevalent theory for the pathophysiology of RLS (Clemens et al., 2006) . This loss of inhibition or the theorized increase in excitation in the dorsal horn that we suggest could cause a state of central sensitization in RLS, which has been proposed by StiasnyKolster et al. (2004) . With central sensitization there would be hyperexcitability (Woolf, 1983) , as seen with alterations in reflex responses shown in previous studies (Bara-Jimenez et al., 2000; Congiu et al., 2017; Gunduz et al., 2017; Isak et al., 2011) as well as in the current study, and hyperalgesia (Woolf, 1983) , which has also been shown in patients with RLS (Bachmann et al., 2010; Cho et al., 2017; Edwards et al., 2011; Stiasny-Kolster et al., 2004 , 2013 .
Limitations of the current study include the small sample size as well as the large amount of inter-individual variation. Between-groups (RLS versus control) differences may have been detected had a larger sample size been available. Fortunately, paired comparisons were made within groups that removed the effect of inter-individual variation. A further limitation of the study is the use of kinematics to assess the reflex, which is not a standard measure making the comparison with previous studies difficult. However, in the current study the reflex responses were also assessed using EMG, as has been done in previous studies. Moreover, there is no standard measure to assess the physical movement of the limbs during the reflex response. During a neurological assessment, reflex responses are evaluated subjectively by the health practitioner. Kinematic assessment allows for an objective, repeatable measurement of the movement, which improves accuracy and removes bias. Participants with RLS possibly having concurrent neuropathy is a limitation of the current study as this could have affected the results. As almost all of the participants with RLS in the study were treatment-na€ ıve, the results reported may be specific to an RLS subtype with mild manifestations. The participants being treatment-na€ ıve could also be due to a lack of knowledge about treatments for the disorder and thus participants' not seeking treatment.
CONC LUSION
The aim of the present study was to assess the circadian variation of the FWR and crossed extensor reflex in RLS. The results of the current study suggest an evening increase in spinal excitability in participants with RLS. The increase in both FWR and crossed extensor reflex responses indicates the afferent circuitry in the dorsal horn of the spinal cord as a possible site of dysfunction in RLS. These findings contribute to the understanding that RLS pathophysiology could be based in spinal central sensitization with a marked increase in spinal excitability in the evening. 
